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Chapter 2. Passive Optical Networks in the 

First Mile 



As Intemettraffic doubles ewysixm 

band v/idth requirements- 14-+ lips modems were replaced by higher-speed modems, 
which in turn v/ere replaced by digital subscriber line (DSL) and cable n*>deirs . Howewr, 
even these advances could not alleviate the basic bottleneck in access networks. The 
bo ttieneck stems from two causes, Firet, at this time, there is ample capacity in the «re 
and metro area due to the emergence of wavelength-division multiplexing (WDM) as a 
premier technologyfor high-speed transport; WMD maximizes the use of the near- infinite 
bandwidth offered by the optical fiber by sending multiple data streams on multiple 
wavelengths. Second, the ratio of sink users to sources in access is quite high. Moreover, 
home and workPCs are able to operate at gigabit-level speeds, often creating a wid 
between die core netwoiks and die PCs for seamless dataflow. Inother words, multiple 
end osere are connected to a single terminating line, each trying to extract and squeeze 
eveiy possible bit of data from the line . 

These two effects create a bo ttieneckin the access area, which» of course , «re refertoasthe 
first mite issue. This term can be replaced with the last mile issue without change of 
meaning. Why the access area attributes such importance to rewnue can be understood 
by the feet that it is the end osere who generate the rewnue on which the business chain 
ofserwceproviders^nterpriseSjandsjEteman 

excellent transport methodologies in the access area, newer technologies are tried and 
deplo^d. The business proposition of the access area can be understood by the feet that 
there are multiple end usere.each genera ting small amo unte of revenue. ThsamniriBmay 
be small, but the wlume of end usere is truly enormous, creating a wry so lid value 
proposition. 

The first implementations of commercial enterprise solutions led to the deployment of 
broadband access, namely DSL , asymmetric DSL (ADSL), wiy high-data-rate DSL 
(VDSL) f ATM,and otiier solutions- Howewr, each was limited by bandwidth and 
scalability issues among others-Theadventofoptical fiber as a means fortransportof data 
at a low cost and high speed (bandwidth) led to showcasing fiber to end- user applications 
as a possible and pragmatic solution. Piber to the enterprise or user deployment, although 
slow (due to die high initial deployment cost of fiber) is fee best and possibly only way to 
circumvent the bandwidth bo ttieneck between die end user and the metro access network. 
If we consider die excellence in characteristics provided by an optical fiber in terms of its 
longevity and protocol transparency, we realize the long depreciation cjde that actually 
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justifies and in mast cases lowers the costof fiber as compared to legacy copper solutions. 
The solution to providing band^'ndth to end users has to be low cost, efficient, easy to 
manage, and scalable (among other intricacies such as resiliency and mteroperabiliryand 
the solution must provide degrees of quality of service [Qo£Q). 

Passiw optical networks are a technological innovation that can alienate the first mile 
bottleneck issue in access networks. As the name implies, passiw optical networks are 
typicallypaHiVe, in the sense that theydo not have active componente for data transport. 
They may be spread across different ph>sical topologies. PON dewlopment, although 
propelled by tie surge in bandv/idth requirements, also answers a definite need for low- 
cost optical networks for end-user applications- During the initial phase of PON 
development, some of the primary desirable features of a PON were as follows: 

• Low-cost network, low-cost components— Because the rewnue was in the 
number of consumers (quantity) ratter than the pure service deliwry to each 
consumer (quality), tteamountofin\çstment each end user would haw to make had 
to be kept to a bare minimum. In metro and core networks, at each network element 
a composite WDM signal could drop an entire wavelength or a group of wawlengths - 
In contrast, in the access first mile area, each networic element at the consumer site 
had bit rates typicallyofthe order of 100 Mbps or e\çn less. 

- Ease of management— The first feature of low cost also initiates the second point 
ofnianagementcomplexity.ManagemBntcomplea^ 

equipment cost, vihat is desired is a simple, efficient, and scalable management 
5>stem that can manage the network and guarantee the network users of some 
networkparameteresuchasQoSjdek^fium^ 
[SLA] \ and resiliency. 

- Upgradability, in-service upgrade, and interoperability— The rapid 
development of newer technologies creates a need for ease of upgradabilityin PONs. 
I n soft upgrades , the basic fabnc remains the same , but a software upgrade enhances 
the features of the networic Because most of the end users are residential customers 
or enterprise users, in-service upgrades are important so as not to disrupt real- time 
services in PONs. Finally, due to the high-wlume nature of PON users, there is a 
strong probabilityofPONnetworls having multiwndor equipment in them. To 
facilitate ease of communication and create fair-competition interoperability, 
standards must exist forPONnetworkelements to talk to one another, 

• Guarantee of basic network features— The PON must be able to guarantee the 
end users some degreeof networkparameters, v/hich are promised atinception(SLA). 
Although low-cost networks and simple protocols are generally designed for best- 
effort service, the quantumleap fromtraditional broadband to PON represents a sea- 
change shift in the end-user paradigm, and end users must get the desired services 
through the PON to jiBtiiy the cost of deployment 
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Network Profiling for Passive Optical Networks 

In the preceding section we identified passiw optical networking as the key to high- 
bandwidth deliwry to the end user. The sudden growth (and later stagnation) of WDM 
networking led to a wid in the access area. The access area needed high-speed bandwidth, 
at a low cost, and needed to be able to provide reliable connection through a robust 
management platform.Fiber seemed to be the choice ofmanyfbrproviding the high-speed 
links to the end usere. Howewr, die cost of optical- to-electronic interfaces at end-user 
premises nas tointóbitingfactorfortheindustry,slowing deplo>mentoffiber-based 
networte in the access area. In the mid- 1990s, univereities in North America proposed a 
low-cost and flexible scheme for broadband access networking called passive optical 
networks (PONs). The tennPON generically means optical networks that are pervasiw 
andpassiw in nature. The passivity arises fromthe design contrast with metro networks, 
in which switching, amplification, and regeneration of the optical signal is earned out en- 
route fromasource to adestination.Therefore, PONs typicallydonotrequireactiw optical 
components, namely switches, amplifiers, and so on, which are the keyto the upward- 
driwn prices seen in generic optical networking» 

Characteristically, a PON consists of low-cost components that are engineered to provide 
reliable high-speed communication. One of the main motivating factors for achieving low 
cost through PON is the network topology itself. Unlike in a metro core and a long-haul 
network, where rings and meshes are the dominant topology often leading to expensive 
network gearfbr routing of connections , in the access area the use of fiber is limited to tree 
formation only, thus creating a natural broadcast medium that does not need routing 
protocols per se (only for die tree). 

The Network Topology 

Physically, a PON is based onatree topology. The main reason forthe tree topology is the 
formation of the network v/hereby a single central office is communicating with multiple 
end usere geographically dispersal >et clustered around in the same area. This means that 
the relationship (^rapliical) between the single central office and the multiple end users 
can be described as one-is-to-many or simply one- to-many. When vie relate this kind of 
one- to-many semblance to optical networking, the topology apposite to our requirement 
is that of a tree, where there is a single root .Mid multiple leaves connected through the 
branches . Translating this to access area netwo rls , this rwans that there are primarilytwo 
kinds of network elements in PONs in tree formation: the first at the central office of the 
service provider and the second at eachof the end users. 

Figure 2-ishows a generic diagram of a PON network. Multiple end usere are connected 
to a single network element (NE) at lhe central office through a tree of optical fibere— 
tenra the passim network is fonned. The NE at eachend user is called the optical network 
unit (ONU), whereas the NE at the central office is called the optical line terminal unit 
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(OLTU , or sometimes just OLT). The OLT is connected on one side to these ONUs and 
Ulawise is connected on the otherslde to fee metro core netv^ri^invariablyaSynchronous 
Optica] Network/Synchronous Digital Hierarchy (SONET/SDH) or Gigabit Ethernet 
(GigE) network that drops bandwidth of granularity as required in the passive netwoifc. 
The OLT has the strategic importance of interfacing between the fint mile access 
components (namely Hie ONUs) and the metro core network. Note that the OLT is a rather 
complicated device having to somstiiMS do protocol transfer and management functions. 
The ONUs, on the other hand, are connected to end users through multiple methods. In 
oneembodimentjONUs maybe interfaced to die end user thro ughausernetworkinterface 
(UNI). In another scenano f ONUs maybe connected to homes using a wireless solution- 
Yet another implementation has ONUs connected to hones and small businesses using 
copper solutions and taláng advantage o f long- reach Ethernet (LRE) concepts , 
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As mentioned previously, the structure of the network is that of a tree. The OLT is 
connected to lhe multiple ONUs through the fiber tree such that from the OLT a single 
fiber emanates toward the ONUs. The signal from the emanating fiber is split (in power) 
by an optical splitter. Multiple fibers emanate from the optical splitter each caning a 
portion of the signal from lhe ONU. Each of these multiple fibers is connected to an ONU. 
In some cases, these fibers maybe further split, sharing two or more ONUs between them- 
Figure > 2explains this case of the tree topology. The manner ofcommunication from the 
single OLT to the multiple ONUs is considered to be in the downstream manner, quite in 
conformance with the top-down approach cited in most neUvoridngenMronment5,Al50, 
the way communication is done t by using lhe single-to-multipoint splitter t which 
inherently is a passive device, sets about the motivation for the nomenclature of this 
network as a passiw optical network- The reverse communication, that from the multiple 
ONUs to the single OLT, is considered to be m the upstream. Here again the power from 
multiple ONUs is added up in the splitter (which now acts as a combiner). Of course fee 
storyof this chapter is how to ensure upstream communication» the real problem in PON 
solutions , and wa>s to deal with it, because it can now be understood that successful 
upstream communication is the result of pravidii^ a collision-free environment when 
multiple ONUs transmit. 
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Passive Optical Networking: Problem Formulation 

In the preceding section we cowred the working of a PON and the main reasons for its 
nomenclature, the passivityof the medium* We now can digress to outline the main issue 
in PONS. We haw noted and understood the importance of the star topology in passiw 
optical networidng and generally also for access networks: the need for connecting a large 
number of useis to a single access point, namely the central office* This leads us to the 
obvious intuitive solution that a star topology is die best way to create passive optical 
networking. The passivityin the star-shaped network creates a bus kind of architecture, 
such that this bus is point to multipoint. This means if the central office (say connected to 
the center of the star) sends a signal into the star, all lhe end users get a copyof the signal. 
This is because the splitter splits the optical signal in such a way that each end user gets a 
replica of the signal. 

Optically speaking, this is done as follow : Assume the splitter has a ratio of i^J such that 
there is an input fiber and N output fibers connected to N users, and N > l The splitter is 
formed bytlw hot- fusing of the N output fibers with the input fiber such that when an 
opti cal pulse with some powerParriws^the power is almost evenlysplit into the N output 
ports, so that each of the N output ports gets P/N amount of power. Of course the power 
lewl drops down, but each port still gets a replica of fee same signal. We use the following 
eqiHtion to calculate the optical pov*r at any of the output ports of an optical splitter. If 
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P is the input optical power, and there are N output ports (hence N users), further if A is 
loss of signal in the coupler, the power at any of the N output ports is as follows: 

PpoiT=(P-A)-10lOg IO W 

The authors dewloped the preceding equation, and the reader is encouraged to prow its 
correctness through analytical methods. 

Earlier in this chapter, the behavior of a PON network was described as inadownstream 
direction— that is, from the central office to lie end user, We also make special mention 
of lhe feet that the direction is downstreamand, most importantly, the passivity creates a 
broadcast medium, one that is specially adapted for randomtraffic having broadcast 
nature t such as Ethernet 

In contrast, when we consider the other direction of communication— namely, from the 
end user to the central office (ONU to OLT in the previously defined nomenclature)— we 
see that the system is slightly more complicated: We observe that there are now N usere 
(NONUs) connected ferou^iourpassiw splitter (nowacting as a combiner) to the central 
omce COLT). We see that the medium is to be shared in a ubiquitous way beftwn the H 
usere* 

In co ntrastto the downstreamcase where the broadcast nature made communication wry 
simple, the upstreamcase has the biggest problem, thatof awidingpossibilityfbrcollision. 
Assume that any two of the N users want to send some data to the OLT, Now these two 

useis do notknowwhetiierliteotherv/ants to sen 

want to send. Inother words, if users Aand B want to send data to theOLTinabme period 
starting from t, both A and B do not know whether the otter node has data to send 
commencing fro mt This creates apossibilityofcollisionbetweentte transmissions from 
A and B in the same time slot starting from t. This means thatinaPON network, there is 
an absolute uncertainty of transmission in the upstream direction; one uncertaintystems 
from the passim nature, and one needs a degree of intelligence to be awided . A point to 
note here is that, unlike in wireless communication, detection of collisions in fiber is not 
feasible. Experiments haw shown That although it maybe possible to detect collisions by 
comparing the power of the collided signal with the initial signal power, it still is not a 
foolproof method for collision detection. This showcases the need for an efficient method 
to alleviate the problem of upstream communication, that of being able to transport data 
from ONUs to the OLT in a collision-free environment 

The previous discussionraises an important point about PONs: lhe need for a protocol for 
upstream communication— a protocol that guarantees collision-free upstream 
communication}^ also ensures that each node gets a fair share of the bandwidth. There 
are numerous methods of providing upstream communication in The PON. WDM , time- 
division multiplexing (TDM), statistical TDM (STDM), and hybrid solutions are some of 
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the approaches. The most logical (but not cost-effectiw} solution to be considered for 
upstream communication is to use separate nortinterfering channels for communication 
from the ONUs to the OLT. The obvious way to inclement such a system is to haw each 
ONU communicate to the OLT on a separate optical wavelength channel. This means each 
ONU would haw its ownoperating wavelength, in which a laser would be tuned— one that 
emits modulated data in optical format This also means that at fee OLT side t for receiving 
data fromN ONUs we would need N receiwrs (photodiodes) coupled with filters that filter 
just the desired frequency. Although this whole s>steniis wry eflsctiw, there is minimal 
deployment as of today and as projected for the near future- The reason for its minimal 
deployments simple: cost.Using WDM (the niethodof multiplexing multiple wawlengths 
in the fiber), the s>5tem requires an arbitrarily large number of optical components that 
are generally wry expensive For example, an N-node networkhavingN ONUs connected 
in star fonnation to N OLTs, needs N optical receiwrs and filters at the OLT, in addition 
to N optical transmitter, each at a different wawlength, one each at e wry ONU , This 
makes die sjstemcost exorbitantly high, and there is particularlyno justification in access 
networks , especially the first mile area, for such high-cost solutions. 

The other two generic solutions proposed are using TDM and STDM. First, lets consider 
TDM . To multiplex more and more wice signals in a trunk, TDM was invented, v/hereby 
using high-speed sampling, one could multiplex multiple signals in the time domain by 
spatially separating the sampled signals . In other words , N number of signals could be 
deliwred thro ugh just one channel byslotting the channel inNrecurringslots and writing 
the data of the first signal in the first slot and so on t thus creating a time-division system. 
Oneoftebenefitsofsuchasjstemis the requires 

Let us now analyze the requirements of a TDM sjstemfor Ethernet owr PON (EPON) 
upstream communication. Assume N end useis (ONUs) are connected to an OLT through 
a passiw star. The upstream channel is a single optical wavelength able to support the 
cumulatiw bit rates of the N nodes ■ The upstream channel is slotted such that one slot is 
destined for one node, meaning that if there are N nodes, node lgets slot land the next 
slotitreceiws is slotN + land so on. In other words» the periodicityof slots is N. When 
ih~ system is functional, the OLT transmits data on these slots , which are predefined * A 
node detects a slot only if the slot is meant for the node. Otherwise the node justdiscanls 
Ito slot. Therefbre t its imperative thatthe node lm^ 
This means the NEs (Hie N ONUs and the one OLT) need to be synchronized. 
Synchronization in PON networks for TDM is essential for successful communication. 
Synchronicity can be provided byusing a standard clock reference (at the OLT, for 
instance); all the ONUs align their clocks accordingly. Note that while aligning to the OLT t 
the ONUs maybe at different distances, and hence there maybe variable delay from the 
OLT to the ONU , creating a slight difference in synchronization. This can be rectified by 
using mathematical tractable solutions to the far-near problem— a case when tv/o users 
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communicate to an OLT t but both are at diflêrent distances. Hence, fee closer user gets a 
packet ahead in time to the farther user, which creates a discrepancy, 

Moreowr, the wryreason for deployment of PONs worldwide was 0) facilitate the huge 
sui^e in data networking, propelled bythe absolute exponential growthof IP-centric 
traffic .It has been seen that IP traffic is bursty in nature, meaning that the ínterarrhol 
times of IP packets is not uniform and further that when IP packets arrive they come in 
large numbers followed by large time gaps, in which fewer or no packets at all arriw. This 
kind of traffic behavior means that band width requirements of end-user applications are 
dynamically variable. This leads to the requirementof packet- oriented communication 
that supports IP traffic and one that can be made to be flexible to support variable traffic 
needs. Therefore, if we were to haw a TDM system with fixed-sized time slots, one each 
for everynode t this would not be efficient, because of fee burety behavior of IP traffic 
creating many to ids. In other wo ids, a large number of slots are empty because there is 
no data to send, and for nodes that ha\ç a high wlume of data (burst), the penodic nature 
of the slots does not allow the nodes to cater to IP-centric traffic- This means feat a TDM 
formation— that is, allottii^ slots of a TDM s>stem-is not efe'^lw for a PON solution. 
Another issue is fee cost involved in sjnchronizing fee nodes of the PON. This is the 
motivation for a slight wriant of TDM called STDM. 

Consider a case in which six ONUs are connected to an OLT and are named A»B,C,D,E, 
and P. Now assume feat a buret of Ethernet frames at the OLT of time duration ^ seconds 

aniws and is to be routed to node A. In a TDM scheme, the burst would be broken into 
slots proportional to the TDM slot size and scheduled periodically. Of course, we note feat 
inapassivebroadcastaidiitectureasfeatoffeePON^ 

all fee nodes receive the informationioptical signal) and only thenodeis^forwhoniitis 
meantcreates an address matching and decodes fee infonnation. Co mingbackto the TDM 
system, it would take tjT + KtjT seconds to transmit fee burst of infonmtion t t (buret 
size), where T is fee TDM slot size, and K is the periodicity(after how rmnyseconds does 
the slot for the node come back)- This means feat the sys tem is inefficient on account of 
the long wait it would haw and would topically need large bufíen to fill in the waiting time 
at the OLT. Consider if t x is 10 ms, slot size Tisims, and the periodicityis 3ms, the total 
time needed to transfer fee data out of the OLT is 40 ms.Nowfurther assume feat the 
s>steni is such that there is no data for other ONUs at the OLT; this means that most of 
the downstream bandwidth is not occupied. To alleviate this efficiency issue in PON 
communication, two logical proposals led to communication protocols: Transmission 
UponReception (TUR) and Interleawd Polling wife Adap&w Cy:le Time OP ACT) 
(Gumaste and Chlamtac). The protocols are discussed in the concluding sections of this 
chapter, but before that the generic solution— the STDM approach— needs some attention. 
The bandwidth in fee PON-assume for downstream communication— was slotted in 
penodic fixed time slots in the TDM approach. Unlike this scheme, in the STDM approach 
the downstreambandwidfeis also slotted but tlieslots are notof fixed durationand ( hence t 
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are not periodic. The banded th is slotted into asynchronous variable time slots , such that 
these slots can be nade to fit the size of a burst of frames/packets to cater to the IP-centric 
nature of data traffic. The immediate performance gain by using STDM is Hie ability to 
cater to burstyorany other traffic distribution and to be able to provide the much- needed 
dynamic flexibility for bandwidth-killer applications such as band width on demand, video 
distribution, and so on. It is easy to understand fcoth logically and intuitiwiythe 
superlative performance benefits of using an STDM land of scheme rattier than a generic 
TDM scheme, but we have to also note thelewlofdifficultyininçlementing the scheme- 
Before v/e talk about the negatiw aspect of an STDM scheme, if any, howewr, we should 
lookat its positaw aspect and why it is a most natural contender for PON application. 

STDM represents a seamless approach for fiist mile networks because of its flexible nature 
in being able to allocate bandwidth on demand, especially considering the randomness of 
the requirements fora large fraternityof consumeis. 

Byremovingthe constraints of fixed-size time slots, in an STDM system we also remow 
the constraints associated with the need for node synchronization* This can pmw 
particularlyinçortantfromacostpenp-ective, especially as data rates increase and there 
is a need to use synchronization (leading to high-speed and high-performance clods, at 
each and every node in the network)» 

Finally, an STDM solution is particularly necessary for honoring SL As between users and 
service providers; in an STDM solution, the bandwidth allocationcanallbeeitherdynamic 
or pre-allocated, depending on the SLA between the user and the provider. 

As this discussion makes obvious, an STDM solution is far better than a TDM solution in 
terms of cost, performance, and appropriateness for IP-centric traffic- Howewr, the 
biggest issue is the deployment technique of an STDM solution. 

Consider Figure 2- 3, in which upstream communication and variable- lengthburstsofdata 
are being sent to different nodes from the OLT. The issue here is how the ONUs (nodes) 
can know the start and end of the bursts, and, second, how do we allocate this bandwidth 
dynamically. Finally, we also need to outline a method for upstream communication, the 
initial problem seen in bask PON deployment 
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These issues are resolwd later in this chapter when we co wr the implementationof TUR 
(a protocol for EPON communication)* Before digressing further, ho wewr, its important 
to identify, define, classify, and compare the various t^>es of PONs* 

PON Classification-APON and EPON 

As of today» there are three documented t>pes of PONs : APON/BPON, GPON, and EPON. 
APON means ATM over PON, BPON stands for broadband PON, GPON means gigabit 
PON, and EPON is called Ethernetover PON, APON and BPON are variants of each other, 
whereas GPON is a wndor-pro posed implementation not standardized as of this writing 
(but it is expected to be so soon). EPON, on the oilier hand, is fee n»st significant type of 
PON feat we discuss in detail as we progress through this chapter. 

APON f the wice-centnc PON prominentíy generating rewnue in networks worldwide, 
evolved into a network thatfacilitated wice- type co mmunication.Inthis regard, ATM owr 
PON was a promising approach due to its circuit- centric nature* Througha consortium of 
camera and vendorc, the international Telecommunication Union (ITU) issued a series 
of recommendations— namely G.983.1, G .983.2, and G. g8 3.3— for possible deplo>raent 
of APON (BPON) solutions. The recommendation of the BPON network was fully 
discussed in 1996 with regard to fee formation of Full Services Access Network (FSAN). 
(You can find mare information about this at http ://www jsanet .net.) 

NTT and BellSouth (two carriers) formed the first collaborative effort for the deployment 
of BPON in 1998. This effort was called the Common Technical Specification (CTS), The 
numberofparmerefinallyjoining hands grew to fiw when NTT and BellSouth wereioined 
byBritish Telecom, France Telecom, and SoufeWestemBeUCompany(SBCXeachofthese 
three being service providers). 

BPON essentially means the same thing as APON. ATM is used because it can guarantee 
a good degree of QoS to the end user. The ATM lajfcr resides on SONET interfaces, which 
are fed to an OLT that is connected through a tree to multiple ONUs. In other words, it is 
ATM owr SONET in the last mile. ATM guarantees acomirattedbitrate f andSONETgiTO5 
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the necessary reliability and resilience for high QoS applications. The data rates seen in 
BPON are SONET/SDH equivalents -namely, 155Mbps and 622Mbps (OC-3and OC-is, 
where OC means optical circuit). 

In the upstream direction, the basic frame contains 53cell slots of ATM, each 56 bytes 
long. Each cell slot consists of a 53-byte ATM cell and a 3-byteowrhead.The owrhead 
consists of a guard time, a preamble, and a delimiter .In the downstream direction, the 
basic frame consists of 56 cell slots, and each is 53 bytes long (sarna ATM format). In the 
downstream direction, each ONU gets the fullcomplementof ATM cells but discards those 
cells (after maldng an address match) that are not destined for the incumbent ONU, In die 
upstream direction, the OLT gives ONU permission to send data by usinga 'grant" via the 
downstream ceU.ThisceU is the ph^icalla)çro^^ 

(PLOAM)celL Despite the variance in the istancesbebveendifferentONUsfromfeeOLT, 
we ha\ç to ensure a mechanism that creates a collision- free communication. We outlined 
this as lie far-Mar problem. This is solwd in the following way; The OLT measures the 
distance to each ONU and lien instructs ewryONU to insert an appropriate delay so that 
allOLT-ONU distances are now \irtually the same. This act of balancing the distances and 
solving the far- near problem is called ranging. 

Advantages of BPON 

The BPON architecture and paraphernalia represented the first way to inclement passiw 
optical networking for end users . What should be noted here are the motivating factors for 
BPON:Firet ? lherevAffianeedtolov«rcosts;second,dies>Btemneededtoexhibitabsolute 
protocol friendliness. Onone hand, we see die absolute abundance of SONET/SDH 
networking and Hie capability to guarantee high-performance data (and wice and wteo) 
transportowraSONETnet^^rkusingitspaclstaFiaptation— namely f PacketowrSONET 
(POS) (creating an amalgarmtionof ATM and SONET) in the coreofnetworks.Atthesame 
time, and encouraging the initial deployment of ATM, there was a surge in the use of DSL 
and similar technology in thefii3tr^e,reqmririgaconm\ondenoiiinutor(ATW)tlRr: 
could cater to wice traffic as well as to bursty data traffic (of counej to a certain extent, 
because of its inherent TDM nature). These two factors prompted the need for APON and 
hence gave rise to the concept of BPON* 

Note that despite the backing of multiple vendor? and carriers in the initial deploymentof 
BPON, several drawbacks have forced BPON to be deplo>çd onlyparbally; therefore, 
BPON cannot be seen as the best possible PON solution. 

Of the many BPON drawbacks, the most relevant is the cost BPON deploy primarily 
electronic-based technology— namely, SONET and ATM. Although effectiw and well 
proven, the problems with ATM and SONET technology are the associated cost and the 
heavyreliance on being a total electronic solution. The fonner creates a situation in which 
the economics do not support or validate BPON. The latter— the use of high-cost, low- 
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performance electronic s>stems— contrasts negatiwlyv/ith the advantages of passiw 
optics. The owrdependence on precise high-speed electronics msans that the cost of 
deploying a UPON network is high. As indicated in Chapter V Introduction to First Mile 
Access Technologies ," the solution proposed forfiist/Iast mile access musthaw alov/cost, 
one that suits the many and \aried consumeis who make up the rewnue pool . The attempt 
to keep costs low is to a great extent nullified by the use of an electronic solution such as 
ATM and SONET, The higher costs significantly shrink fee market forBPONfromall end 
useis (residential and small enterprises) to just small enterprises and homes wife wry 
higfa-capacityreqinrements (which are minimal). Therefore, despite its capability to 
technically sol w fee first/last mile problem, UPON is limited bycost. The other issue, that 
of not being able to use the passive optics, is another serious drawbackfor the deployment 
of BPON. PONs ma star topologyrepresent a veryvtà^ 

High costs associated wife optical networks per se severely limit their use in fee core and 
backbones * However, PONs represent one way to bnng this cost dovm, because they use 
smarter technology and take advantage of the optical characteristics of coupler-like 
components that are technologicallymature and extremely inexpensive. This direct 
advantage is nullified by the electronic bias of a BPON solution, which resulte in an 
expensiw and inflexible sjstem. 

Gigabit PON 

In 2001, fee FSAN group (http://wwwjsanet.net) initiated a new effort to standardize a 
high-bit-rate PON» now knov/n as GPOR Apart from the need to support higher bit rates , 
the o\çrall protocol was opened for reconsideration. The solution needed to be the most 
optimal and efficient in terms ofsupportformultipleQoS-associatBd services suchas voice 
and video. In other words, the GPON standardization process is basically a carryforward 
from fee circuit-based processes seen in BPON, wife soma degrees of correction as 
compared to fee earlier BPON wreion. Note feat GPON uses Generic Framing Procedure 
(GFP) for framing and } hence t transport over the optical medium. The advantage of GFP 
is feat multiple services can be mapped and adapted into a single (and genenc) frame - This 
leads to less processing than other formats (such as ATM) and also enhancement of bit 
rates through forward error correction (a coding method to reduce transmission losses). 

As a result of this FSAN activity, a new solution (that is, GPON) was showcased in fee 
optical access area offering higher band width (in the gigabit range) and enabling fee same 
transport services (namely, circuit-based services such as voice). 

As part ofthe GPON effort t agigabitser^ere<quiren^nt(GSR)dO'nmKntisimplenfinted 
based icon the collectiw requirements of all member service provider (representing fee 
leading Regional Bell Operating Companies [RBOCs] and Incumbent Local Exchange 
Camera [ILECs])*The document is currently under submission to the ITU under the tide 
"G.GPON.GSR; 
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The saUent features of GPON.summarizedbythe groups proposingGPON, are as follows: 

- Full-service support, including wice and variants (TDM SONET and SDH], for data 
services through ío/iooBÀSE-T 

• Physical reach of at least 20 km, with a logical reach able to support 60 km (with 
regeneration) 

- Support for various bit-rate options using the same protocol, including symmetrical 
and asymmetrical implementations using combinations of 622 Mbps, 1.25 Gbps, 2.5 
Gbps,andsoon 

• Strong operation, administration maintenance, and provisioning (OAM and P } 
capabilities 

- Security at the protocol lewl for downstream traffic (because of fee multicast nature 
ofPON) 

When the wndois supporting such a hierarchy originally proposed GPON, multiple 
promises motiwted its dewlopment: 

• Higherdatarates than previous wrsionsofPON 

• Better efficiency (typically for protocol considerations) 

• GFP encapsulation of any type of service on standard SONET frames (125 ms) 

• Highefficiencyv/itiinoowiliead transporttonaQw TDM traffic 

■ Dynamic allocation of upstream bandwidth \ia bandwidth maps (pointers) foreach 
ONU 

Lets digress fromtheGPON issue to consider GFP,specificallythe inço rtance attributed 
to GFP for optical transport networks, GFP provides a generic mechanism to adapt traffic 
from higher- la>er signals owr a transport network. The transport network could be of any 
type (such as SONET). Client signals may be packet based (IP ) or circuit based. GFP has 
beenofficiallystandardized in the ITU document "G,704i*" Because GFP provides a 
generic mechanism to facilitate the transport of multiple services in an efficient manner, 
o\çr SONET, it ideallysuits the basic GPON sjs tem, which is also an optical network with 
nodes synchronized witheachother. 

Briefly, GPON design charactenshcs are as follows: 

- GPON is a frame- based, multiservice transport o\er POM. 

• Upstream bandwidth alio cation is accomplished via slot assignment. 

- Database reports , security, and other issues are integrated into the physical (PHY) 
optical lajer. 

- Line coding is of a nonreturn to zero CNP*Z)t>$>e ? and therefore there is no need to 
return to zero after ewiy pulse (i/o, for instance). 

• GPON supports asymmetric line rate (namely, up to 1.25 Gbps). 

• The upstream buist mode preamble includes clock and datarecowry(CDR). 
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- The PHY layer also supports QoS. 

Emergence of EPON— An Effective PON Solution, Particularly for 
IP-Centric Communication 

The advent of data networking led to the emergence of a protocol that allowed computeis 
to be linked and to "speak" using a uniwrsal and simple method. This method, Ethernet, 
was gradually incoiporated into 95 percent of netwoiis worldwide (initially by LANs but 
now by core networks, too). 

SONET defines a standard for the transmission and multiplexing of data in the time 
domain through a network layer. SONET/SDH was created to cater to large wlumes of 
voice traffic owr circuit-switched networks and was standardized in the 1980s. SONET/ 
SDH uses TDM and provides users a guaranteed level of service by assigning virtual 
channels within each frame. This guaranteed service ensures users that they can meet the 
critical requirements of wice traffic (namely, QoS), creating a platlbnnfor excellent timed 
deliwiy. Owr the years , SONET has ewlwd to carry bo th voice and data traffic, and 
SONET data rates haw increased from the original EC- 1 (51 Mbps) to OC-192 (io Gbps) 
today. Lately, some variations of SONET/SDH for data networking haw been proposed 
(such as Packet owr SONET [POS]), typically to match the growth from Ethernet. 

It was wry natural for wndore to consider SONET and SONET- like circuit-switched 
technologies (ATM,forexainple)as possible candidates for PON. This solution of circuits 
owr PONs is good but is not (he best. Wh/F 

EPON lias a relationship analogous to fish and water. First, the passivity in PON is the 
most conduciw technical environment for Ethernet. Second, the cost involved in SONET 
networking was extremely high. The expensiw electronics at each node and the lewl of 
precision required made SONET networking a wry difficult propositionfbr firet mile 
problems. In contrast, Ethernet was a ready solution; it was low cost and had gpod 
performance, especiallyfor IP-centric communication (for bursty traffic am vãs}. 
Ethernet also is a ubiquitous and well- understood topology, and it exhibits a plug-and- 
play nature that makes management and installation easier. 

Despite these direct ad wntages ,some industrypundits regard Ethernet in the access (and 
in^core)asadísRçtiw technology, viewingitwithsuspicion and deployingitonlywhen 
alternatiws dry up. We discuss in lhe following section the disruptiw aspect of Ethernet 
and why it can withstand as a superior technology despite claims by legacy networking 
companies and pundits - 
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Ethernet as a Disruptive Technology 

Legacyservice providers that haw generated income through SONET/SDH oituit- 
switched technologies (primarily), which entail synchronization and expensi w 
management— often criticize the deployment and dewlopment of packet technology, 
specifically because it is not rewnue yielding. 

Casson, Christensen, and others published a seminal paper tided 'Ethernet in the MAN* 
A Case Study in Disruptiw Technology* explaining the idealistic nature of SONET/SDH 
and ATM and how Ethernet prows to be a technology that is an able replacement for 
circttit-sv/itched networks, especially in the first mile. 

Performance owrsupply is a principle that holds that mainstream technologies in certain 
industries improw at rates taster than lhe market can absorb. In Casson's paper, this is 
illustrated by the fact that this owreupply of new technology causes a paradigmshift in 
the market, creating a situation in which customers are giwn a wide choice of products. 
Christensen states that perfoimance owisupply is the key prelude to signaling a future 
change in the basis of competition. Recent circuit-switched network perfoimances haw 
focused on increasing the distance and speed of WANs . As a result, these advances have 
owrehot the needs of the access area. Figure 2-4shows the pricing advantage of Ethernet 
as compared to a SONET (TDM) hierarchy 
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Most incumbent firms fail to realize the benefits of an emerging, disrupQw technology. 
The ones that do are generallysmaller startup kind of companies that do notfocus on 
mainstream markets but create their own area of dominance (away from Christensen's 
theory of "resource dependence"). They instead find niche markets in which the attributes 
of the new technology find business value. Inrariably, these attributes are the same ones 
that mate it less attractiw to mainstream customers . Consider, for instance , the LAN 
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market. Ethernet was first introduced into the LAN in theearlyigSosbyanumberofsmall 
startups that initially focused on the DEC minicomputer market, and later the PC market 
However, the large incumbent firm, IBM , delayed introducing its Token Ring technology 
to the LAN market until 1086. Bytliat time, Ethernet already had an installed base of 
30,000 networks containing at least 417,000 nodes * In the case of MANs and access area, 
Ethernet is also emerging in niche marlEt segments where ite attributes are valued . 
(Consider the metro Ethernet effort in Japan, for instance, an area technologically wry 
superior to most parts of North America.) One MAN niche targeted by these companies 
has been small and medium-sized businesses and access area. Unlike large enterprises, 
access area generally does not require circuit-switched high-qualityperfonnance and 
reliability and values cost and flexibility in provisioning owr other attributes . Another 
market niche targeted has been lhe largest me tropolitan areas in the U-S. These large cities 
haw a high density of potential customers and a large amount of unused, installed fiber 
that can be leased atarelatraly low cost. The third and pro bablymostimportant attribute 
is the management aspect and ability to provide service on demand .We all know the 
nuances of DSL and tow difficult it is to provision a new service over an existing one 
without several software and hardware plug-ins. Circuit-switched technology inherentiy 
causes a lot of management problems, especiaUyin provisioning networks. Packet- 
oriented networks, such as Ethernet, based over good topologies, such as PON, facilitate 
high-speed provisioning in the network domain. 

Finally, disruptive technologies usually haw lower profit margins than mainstream 
technologies. This factor often rrafces themunattractiw to incumbents, whose cost 
structure and market valuation are based on higher- margin products. The low margins 
and profits, and asso ciated lackof incumbents in the market, are the key factors that make 
the ensuing disorder and dislocation so pronounced. 

All this leads to an important conclusion: Technologically^Ethemetisasuperiorcandidate 
as compared to its circuit-s^tched counterparts. Financially, Ethernet costs much less to 
deploy than circuit solutions. This means that the end consumer (the end user) benefit 
immenselyfinm the deployment and promulgation of Ethernet as a method fbrproviding 
broadband access in terms of both cost and performance. It is the earners and providers 
who need to refocus and relay cost-effective and performance-oriented strategies in the 
last mile. At times service providers may be dissatisfied with the costing structure (perhaps 
because of a temporary loss of re\enue). Howewr, its in the best interest of the incumbent 
to incorporate the change and be able to sustain business ror a long time than not to 
incorpo rate the change and face being wiped outof business altDgellier.Itis in this context 
that EPON can be seen as the premier enabling technology, creating a very market- 
condudw technologically superior solution to solw the first mile access problem 
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Standardization Efforts in EPON-The EFM Push 

Because EPON appeared to be a natural and performance-oriented solution for the first 
mile access, a need arose to standardise the networking environment, especially the 
multiple subsystems that play a part in the deployment of EPON .In 2002» a taskforce 
called Ethernet in the First Mile (E FM) attempted to standardize EPON, The efforts of 
EFM culminated in a new standard for point-to-point as well as point- to-multipoint 
communications in the first mile using Ethernet as die central mechanism. Supported by 
the IEEE and to be nomenclated as IEEE 8o2.3ah, the EFM group's standardization has 
three mato objecHws: 

- Point-to-point (P2P) Ethernet owr fiber 

* P2P Ethernet owr copper for the last mile 

- Point-to-multipoint(P2MP) Ethernet owr fiber {as in PON) 

The preceding three objectives are wry important in the last mile and are discussed in 
detail in the follov/ing sections. The second objectiw-providing Ethernet wr copper- 
is sometimes also considered the long-reach Ethernet (LEE) issue, which attempts to 
address the following considerations: 

- Provide a family of ph^ical layer specifications for the following: 

- iooqBASE-X (for transmission up to 10 kmowr single- mode fiber [using 
GigE]) 

- 1000BASE-X (providing temperature extension in optics) 
pport far-end OAM in subscriber access neb^ris (making sure there is excellent 
iwiy of data to the end user) 

- F.emote failure indication (ONU failing) 

- Remote loopback(MAC acts like a switch, looping back on the client side) 
-Link monitoring 

The basic P & architecture can be considered for seamless deliwryof high-speed data over 
fiber. The application can be enterprise-lewl connectivity or transporting from an OLT to 
a central splitter. 

Among others, some of the strategically important issues that haw been upheld by EFM 
are as follows: 

- Finalization of upstream and downstream wavelengths- In the upstream, 
a lower wavelength (for instance, 1310 nmor 1490 nm) is generally chosen. In the 
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downstream, howewr, a 1550-nm wawlength is chosen. The reason being that» tint» 
it is better to haw lower-cost equipment at consumer premises , which means 1310- 
11m lasers rather than the 1550-nm ones (and therefore a costsavings). Secondly 
choosing different wavelengths for upstream and downstream communication» we 
best utilize die same fiber without optical signal collision. 
- Temperature aspect— Most ONUs, and for that matter any first mile customer 
apparatus» are kept at sites t'/ithout indoor temperature controls and such. Therefore, 
the ONUs (and other apparatus» especiallyfor optical components) mustbe able to 
operate in a wide range of temperatures without significant performance change. 
Laser instability because of temperature variation is a chief drawback to optics. An 
associated chiip (wavelength variation} of a lasers emitted light is dependent on 
temperature stability. Newer systems in the first mile have to take into account this 
chirp and develop a wayto awid rapid and laige changes in frequencythat may result 
from temperature changes . 

Multipoint Application 

Figure 2- 5 shows the extension to P 2MP networks . 
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EFM also introduced the concept of EPONs, in which a PcMP network topology is 
implemented withpassiw optical splitters, along with optical fiber phjsical media 
dependent (PMD)la>ra5 that support this topo logy.Inadditior^amechanismfornfibvork 
OAM is included tofooHtatenetworkoperationand Troubleshooting. 
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EPON is based upon a mechanism named Multi-Point Control Protocol (MPCP), defined 
as a function v/ithin the MAC control sublajw. MPCP uses messages, state machines, and 
timere to control access to aP2MP topology* Each ONU in the P2MP topologycontains an 
instanceofthe MPCP protocol, which co mmunicates with an instance ofMPCP in the OLT. 

At die foundation of the EPON/MPCP protocol lies the Pá 3 emulation sublayer, which 
mates an underlying P i^A? network appear as a collection of P 2P links to thehigher- 
proto col lajers (at and above fee MAC client). It achieves this byprependingalogical-link 
identification (LLI D) to the beginning of each packet, replacingtwo octets ofthe preamble. 

In this book, due to the nonstandardization of the MPCP protocol, we co\er two wry 
similar protocols: TUP. and IPACT. 

Transmission upon Reception 

The keyto successful conimunicahonin access PONs is to provide a solution that alleviates 
issues of throughput and fairness for upstream communication. The approach has to be 
lowcostandeasyto deploy. To alleviate issues faced byTDM and viDMinPON, we propose 
a protocol called Transmission Upon Reception (TUk).This protocol ensures both 
downstream and upstream communication and is able to accommodate die vanabons in 
traffic between nodes and guarantee fairness to die end-user nodes. TOR also ensures a 
collision- free swtem TUR is a simple protocol that guarantees each end-user node some 
time to transmit dato; the amount of tin» it get 
gets (from the central office [CO]), with some variations for ensuring fairness. 

The idea is as follows; An end user» upon receiving a frame at time t t of size S u gets the 
transmitting time from time t 1 +S 1 to time t 1 +S 1 +S 1 -d > where d is some constant of 

the system. The constant d neutralizes the differences in propagation delays among 
different nodes in the system (analogous to the far- near problem). The protocol thus is 
simple and intuitive but can create undue fairness issues for nodes that ha\e frames to 
transmit but none to receiw. As can easily be observed, there is a "lag" between 
downstream and up stream communication. (You can see details of such in Figure 2- 60 
Consider, for example, a 10-node system: If a node N x recedes a burst of duration T x at 
s>steminitialization, it would be able to transmit for duration T K - d starting from time 
T*. 
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Access Nodôs 

If the next bunt of duration T 7 is such that T y / <T X} and is destined tor node N y , node 
N y can begin transmission from time T x + T y to time T x + T y + T y - d . Hov/ewr, node T x 
istrammittingdatofromT x till:ír x -d.If £T»-d >T X + T yt there would be a collision of 
the two frames, although we are still adhering to the basic principle of TUR. To avoid this 
issue, we propose the following corollary to TOR: At initialization, the CO sends a counter 
called the start point indicator to each end user, whose value is zero , As downstream 
transmission begins t each node starts incrementing the start point indicator by the length 
of the latest receiwd fram^whetherornotthis frame is destined to itself. This wayewiy 
end user knows the status of the upstream channel in terms of the time when there is no 
transmission. If node Nxreceiws a burst of frames of duration T x , all the nodes Cinclusi\ç 
of Nx) increment the counter ralue to T x + T x . This means that die earliest value at which 
the upstream channel is free is T x + T x . Subsequently if node N y receiws the next burstof 
frames o f duration T y , all the nodes increment fee counter value to cT x +T F . Also f because 
the frames were destined for node N F , the node gets die right of transmission from rT, to 
iT x +T y , although it ends its transmissionat time ^T x +T y - d for reasons explained later. 

TUR basically allots time slots (of variable length) to nodes on the upstream channel. This 
coroflaryto the basic TURprotocol ensures collision-free access of the channel but creates 
some voids in the upstream channel. The wids are created when the present buret of 
frames is greater induration than Hie previous burstof frames (to a particular user) and 
this difference exceeds die lag time between upstream and downstreamchannels,Because 
we assumed a burst protocol as opposed to a frame- based protocol, the bunts are quite 
large compared to the voids t and from simulation we observed that wids represented Just 
3peitentofthe channel capadtyeven after transmission of id millionbuTsts (of Ethernet 
frames) . No te here that TUR is no t a TDM pro tocol in the real sense but is a statistical 
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TDM schema, which does not require synchronization of the end-user nodes with the CO 
or each other , 

Concerning multicasting, if a burst of frames is destined for two or more end usere in the 
downstream direction, then, as perTUR, all the receiving nodes will attempt to transmit 
from die earliest time the upstream channel is free- To awid collision due to multicasting, 
the CO sends a multicasting frame and scheduling information for each member of the 
multicast group at the beginning of the burst The end usere that are part of the multicast 
group transmit at their turn* For applications such as video on demand f die mambeis of 
the multicast group niaynotewnbe required to send any info mutton (except small 
acknowledgements) m the upstream, and hence upstjeamcapacityduhng this interval can 
be dewted to some other node (procedures for such are discussed later). 

Figure > yshows a receiwr block diagram. Note PD has a built-in 1310 filter with a band 
separator. 
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Consider the networkshown in Figure 2-6. In the downstream direction, the CO sends 
bursts of Ethernet frames to the end-user nodes, Whereas in the upstream, each end user 
sends frames in a way that frames sent from different nodes should not collide with each 
other. To awid collision fee burst size is constrained by two issues : die upstream burst 
size froma receiver R x is equal to the length oftiw burst that R» last receiwd; secondly 
die size is also curtailed by the difference in propagation delays from each receiver (end 
user) to the CO. At time tj if end user K x receiws a burst of frames of duration tb, it can 
begm transmitting from l^pt + % and continue till t^H-ot^ where t^ is tiie start point 
indicator mentioned in the preceding section. To awid contention, howewr, we have to 
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note that the bunt would reach other nodes at different tin^s depending on the 
propagation dela>sfromthe CO to the different nodes. Let us assume that the node we are 
looking at is not the closest node from the CO . Let die difference in propagation delay 
betv/een the incumbent node and the node closest to the CO be _. Hence node K y (closest 

to CO) would get the frame from t x - _ t and the frame would last till ti+tb-_. Under the 
tenets of the TUR protocol, node R y would assume node R x sends a bunt from time t^tpt 
~_tn time tjtpt -_+ tt, although F^actuaUysends a burst fromtstpt to t^pt+tb* Hence 
there is the likelihood ofcolBsion. To au^ 

time by a factor of 2_, which essentially tal^s into consideration the difference in 
propagation delajs from the CO to other nodes. 

Let tj be the amount of time node igete a burst. Let _ 3 be the difference in propagation 

delay between node 1 and the CO and node] and the CO, where j is the node closest to the 
CO . Then die total amo unt o f time node i can transmit is T^ = ^ - 2 _j . IfFisthea\çrage 

frame length (= 1500 bytes in the case of Ethernet), N* = t*/F is lhe number of frames that 

were transmitted to nodeifromtheCO.Then the total transmissionofnode N t is as follows: 

is 



»-aJi-f 



(C is the line rate.) Because _ is negligible as compared to frame duration: 

Here even if we assum* the closest end user to be ikm from the CO and the farthest end 
user to be 2a kmaway,_ would still be a fraction of the transmission of an Ethernet frame, 
and hence lhe protocol is wry tight in terms of bounds on the ratio of upstream to 
downstream communication. 

TUR allots upstream channel access to a node that has received a burst of frames. This 
may seem to result in long queues for nodes that do not receiw sufficient frames from the 
CO. if so, this could lead to a fairness issue for upstream access among the end users. We 
solw this issue as follows : The CO has an array of countere with a counter for each end 
user. The counter notes the time since the last transmitted frame to this particular node. 
The CO, icon realizing that a node lias not receiwd anyframes for some time t^t. sends 
a "status* frame of length L^^ to this node. The node sends back to lhe CO the state of 

its output buffer. With this exercise, the CO is periodically able to knowthestatusofbuffere 
and is able to intelligentiy multiplex frames » both real and dummy, to ensure some degree 
of fairness. The drawback, of course, is when a node receiws frames but has no frame to 
send and hence wastes upstream bandwidth. We solve this issue by allotting "empty- 
buffer* frames to the end usernodes. An end useruponget^^ 
the CO that its buffer is empty. For lhe next few frames (less than the QoS requirement), 
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the CO tags a "do not send* label behind the upstream frame to this node while sending 
an "out of turn send - label to an end-user node whose output huner condition is 
co mparatiwly severe- In this way» the protocol guarantees degrees of fairness and 
throijghput to the network- The protocol can also be provisioned for SLAs, guaranteeing 
some basic QoS requirements to an end user. 

Interleaved Polling with Adaptive Cycle Time 

Another academic protocol proposed forcreating high-efficiencycollision-free 
co mniunication in PONs is called Interleaved Polling with Adaptive Cycle Time (I? ACT). 
The main principle of IP ACT is as follows: An OLT is the central point of intelligence. An 
OLT polls a grant message to an ONU allowing it to transmit data. Simultaneously, the 
OLT in the downstream transmission sends data to Hie ONU, At the end of transmission 
to a particular ONU ,the OLT so plans the upstream transmission that this incumbent 
receiving ONU informs the OLT of the size of data it has in its buffer. This way the OLT 
knows how much data is there in each buffer of ewiy ONU . 

This protocol is superbly designed for centralized management. Hov«w, the protocol 
lacks in being able to cater to the dynamic \ariation of IP traffic. Note that IP ACT also 
cannot serve QoS-sensitiw traffic wry well, which in contrast is taken care of byTUR. 
Second } in the downstream the OLT has to synchronize the data sise being sent to an ONU 
while granting a request. At the end of the transmission the ONU responds with its buffer 
size information. This means that the other ONU t which currently had access to the grant 
from lie OLT, is now transmitting data and, hence» a collision could occur between the 
transmitting data of the granted ONU and the transmitted control frame of the incumbent 
ONU. Although IPACT is essentially a STDM protocol, it works in these cycles of data 
transmission interleawd with grants and other control infonnation. The good aspect of 
such communication as seen ewn in TUR is the absolute nonrequirement of a control 
la\«r, which is submerged within the data transmission» 

Numeric Evaluation of EPONs 

We conducted a simulation program to demonstrate the operation of the TUR protocol 
with bursts of Gigabit Ethernet frames. We assumed bursts rather than single-frame 
trans mission because IP traffic is bursty and, second, because the protocol is intended for 
burst transport rather than frame transport to maximize lie performance. Although, of 
couree, Ethernet frames are transported and the performance is not degraded ewn if we 
consider just pure Ethernet frames (assuming fast wrtical cavity surface emitting laser 
[VCSEL] technology at the end users). 

Figure :>8showsthe working of the TUR protocol for four end-user nodes. 
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Figure 2- o shows the efficiency of TUR for different nodes .vie assumed a l-GB Ethernet 
lira rate in both upstream and dovmstreamdira^ 

bursts of several frames are destined for a randomly selected end user. The frame 
generation phenomenon for both die CO and the end users follows a Pareto distribution. 
The mean number of trames that make up a buret in our simulation was 20, and the 
variance of bunt size was 16. VFe measured throughput of the system. Throughput is 
defined as the ratio of frames accepted bythe end users for transmission to the CO t to fee 
total number of frames that come to the end users. The buffer status of the end users was 
also measured forvarious configurations of numberof nodes. We obserwd that the system 
performs particularly well for 10 to 16 nodes. The buffer requirement was also quite low 
for that number. As the number of nodes exceeded 16, we observed sewre penalty for 
throughput as well as fairness at the end users. By increasing the line rate proportionally, 
this issue can be alleviated. The percentage of wids created was less than 3percent for 10 
million frames. 
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Because v«i were considering bursty traffic (predominantlyIP) t we measured the receiwr 
buffer pertbnnance for several degrees of buretiness, given bythe Huret parameter in 
Figure 2- id. As the buretiness of the input source increases» the buffer requirement 
increases nonlinearly. Note that the buffer requirement does not increase exponentially 
as no ted by an initial study of self-simdar traffic (see Kramer, Mukheijee, and Pesawnto). 
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This means that TUR is an efficient protocol for bursty communication. In Figure 2- n, we 
have assumed the correction for fairness to be present during simulation. In Figure >u 
we consider the effect of having correction in TUR for cases when a receiver gets a burst 
of frames but has no frames to transmit. For normalized loads in the range of 0.3TO 0.75, 
we observed maximum benefit by using correction in TUR. 
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The bloclcing (percentage of packets dropped at the end user) is reduced by 20 percent in 
these cases. The number of end users in the measurement of Figure 2- 11 was 12, and we 
observed a similar result for 10 and 16 nodes. 

Figure 2- 12 shows the fairness issue of TOR in PONs. For different numbers of nodes, we 
measure fairness forverybuisty(H = o.92)and coniparatiwlyless-burstyCH =0,8) traffic. 
Fairness here is measured as follows : It is lhe ratio of times a node gets the upstream 
bandwidth to the times it has bursts to send scaled and nonnalized traffic with respect to 
a TDM scheme another words, if for a TDM scheme with 10 nodes a node gets every tenth 
slot for upstream communication, correspondingly we measure the performance for our 
scheme with more realism by considering pure bursty traffic. 
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Figure 2- 13 shows the performance of TUR for QoS traffic. Some fraction of the traffic is 
assumed to be delaysensitiw. We keep a round-tiip delay under 50 ms. TUR performs 
explicitly well for QoS schemes, too .If we compare TUR versus a TDM protocol for QoS 
issues > we would expect to find that TUR is initially less prcactiwto delay requirement y 
but as loads increase TUR. performs better than TDM schemes* This is because through 
simulation we observed that for a 16-node system, the percentage of empty slots for TDM 
was about 14 percent On the other hand, the percentage of emptyslots in TOR was merely 
2.gpercent TOR malces good use of the awilable bandwidth and maximizes network use. 
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Comparison with Contemporary Schemes 

The proposed TOR pro toco 1 for access PON is efficient and low cost and is built from wry 
mature technologies. A numberof solutions haw been proposed that consider various 
protocols and technologies for implementation* Among them, three generic solutions that 
prompt interest for comparison are pure WDM, pure TDM* and IPACT. 

Table 2- ishows comparatiw perfoirrance with other PON schemes. 
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InGumaste and Chlamtac's "A Protocol to Implement IP Centric Communication in 
EPON," we see a wry similar PON implementation with the CO polling different users and 
creating a pseudo-TDM scheme based on end-user feedback. This scheme, called IPACT, 
is anefficient and scalable solution. Figure 2- 14 co mpares the delayreqmrementsof frames 
at die end users using IPACT and TUR schemes respectively. As shown, lhe delay 
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performance of TUR and IPACT is quite similar, but TOR lias a lower delay requirement 
than IPACT for medium to high loads . Load is calculated based on the burstiness of the 
source and the ratio of generated load to total capacity of the system. Table 2-iaIso 
co mparesthe performance of TOR with pure WDM, pure TDM,and IPACT. To implement 
dynamic variations in traffic, we see TOR represents a good solution for PON. The 
technology is wry mature, and implementation costs are relatiwly low. From the table, 
y>u can see that the proposed solutionis quite in confonnity with contemporary protocols. 
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Summary 

In this chapter we discussed the multiple PON technologies (including APON, GPON, and 
EPON) and elements that affect first mile access networks . This chapter also cowred the 
benefits of EPON as compared to APON and GFON- This chapter focused on the aspects 
of cost, performance, and protocol issues and, therefore, outlined EPON as the key 
technologyof the future in the first mile. In this chapter, we demonstrated the disruptive 
aspects and protocol behavior of Ethernet. The chapter concluded with an in-depth look 
at an academicallyproposed protocol called TUR. 



Review Questions 



n Differentiate betv/een the three types of PONs and explain the advantages of 
each. 
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2: Explain the advantage of EPON o\er GPON and BPON. 

3: Compare BPON and GPON for a network, in which there is a wide 
differentiation of services* 

4: Explain bow j*>u would map wice and video in the same phjsical 
transmission lajer using GFP. 

5: What are the key management issues in EPON? 

6: How is Ethernet a disruptiw technology, and how can you increase its 
advantage as an incremental service? 

7: Withregards to cost,compare EPON withGPONand BPON forthesame line 
rates and identical network sizes, 

8: Calculate the effidencyof a PON protocol using TDM for burety traffic 
Develop an analytical formula for evahnting the efficiency of the protocol. 

9: Based on Question 6, dewlop a correction protocol that enhances the 
effidencyof the s>steni by using some sort of adaptation for burety traffic. 

10: Discuss die differences between TDM and STDM and show, with a numeric 
example, howSTDM is more suited for IP-centric traffic, 

in Forai:32roupler t iftheinputpoweri5od^^ 

that is lolcmawaytromthecoupler.Assume o.2db fiber loss* 

12: Discuss die far-near problem in PON. 

13: Two ONUs are 10 km and 14 km away from an OLT. How much is the 
differential delay that lie further ONU must cater to so that the far-near 
problem is solwd and both ONUs appear equallyfar from the OLT 7 
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14: Design a last mile network with i2end usere and icentral office. The 

bandwidth requirement for each end user is 3, 7 T 9, n, 1, 2, 4i 16, 32» io t 8, 
and 16Mbps respectably. Label these users Ato L. Users A,C,F t G are mobile 
and haw to be connected through a v/ireless LAN. The remaining users are 
fixed. Op hmize tiw r»twori:sucht^ 

HowmanyONUs are needed? FromeachONU there is a distribution network 
to the end users. Optimize the placement of die ONU. Now assume arbitrary 
distances (min = 8 Ion, and max = 20 km) for each end user from the OLT. 
Dewlop a linear program to maximize performance of the system. Discuss 
the problems of BPON if used in this system. Nowsolw those problems faced 
when using BPON by using TUR inEPON. Compare numeric results. 
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